Although neurologic sequelae of acute kidney injury (AKI) are well described, the pathogenesis of acute uremic encephalopathy is poorly understood. This study examined the short-term effect of ischemic AKI on inflammatory and functional changes of the brain in mice by inducing bilateral renal ischemia for 60 min and studying the brains 24 h later. Compared with sham mice, mice with AKI had increased neuronal pyknosis and microgliosis in the brain. AKI also led to increased levels of the proinflammatory chemokines keratinocyte-derived chemoattractant and G-CSF in the cerebral cortex and hippocampus and increased expression of glial fibrillary acidic protein in astrocytes in the cortex and corpus callosum. In addition, extravasation of Evans blue dye into the brain suggested that the blood-brain barrier was disrupted in mice with AKI. Because liver failure also leads to encephalopathy, ischemic liver injury was induced in mice with normal renal function; neuronal pyknosis and glial fibrillary acidic protein expression were not increased, suggesting differential effects on the brain depending on the organ injured. For evaluation of the effects of AKI on brain function, locomotor activity was studied using an open field test. Mice subjected to renal ischemia or bilateral nephrectomy had moderate to severe declines in locomotor activity compared with sham-operated mice. These data demonstrate that severe ischemic AKI induces inflammation and functional changes in the brain. Targeting these pathways could reduce morbidity and mortality in critically ill patients with severe AKI.
Mortality during acute kidney injury (AKI) is largely due to extrarenal manifestations. 1, 2 Central nervous system changes, the signs of which range from decreased mental status to obtundation and seizures, are one of the classic indications to begin dialysis during AKI. Other indications for renal replacement therapy include pulmonary edema, hyperkalemia, pericarditis, and severe acidosis. 3 Dialysis improves but does not fully correct central nervous system manifestations or other distant organ effects of renal failure, either acutely or chronically. 4 In patients with AKI, the symptoms of encephalopathy are generally more pronounced and progress more rapidly than with chronic kidney disease or ESRD. 5, 6 Although neurologic sequelae of AKI are well established, the pathogenesis of acute uremic encephalopathy is poorly understood. A multitude of potential uremic toxins, including the nitric oxide synthase modulating guanidino compounds (e.g., creatinine, guanidine, guanidinosuccinic acid, methylguanidine), have been impli-cated in uremic encephalopathy. [7] [8] [9] Brain edema and alterations in water transport have also been implicated. 10, 11 Besides the guanidino compounds, decreased brain energy demand, free amino acid changes, and blood-brain barrier derangement have been shown to be involved in both acute and chronic uremic encephalopathy. [12] [13] [14] We and others have begun to study mechanisms that underlie distant organ effects of AKI and found a significant inflammatory effect of AKI on the lung [15] [16] [17] [18] and the heart. 19 On the basis of these studies, we hypothesized that AKI could lead to brain inflammation. We also examined brain water content and microvascular permeability and postulated that AKI would lead to acute changes in brain function. We found that AKI led to both soluble and cellular inflammation in the brain, with the hippocampus being a prime target. AKI led to an increase in the brain microvascular protein leakage. We found that severe AKI, as well as bilateral nephrectomy, led to more pronounced behavior changes compared with less severe AKI or the combination of sham AKI with surgery and anesthesia.
RESULTS

Renal and Liver Functions in AKI and Acute Liver Injury Models
The effect of clamping or removing of the kidney or clamping of the liver vasculature in the two different models was confirmed by a significant increase in serum creatinine (sham versus 45 min of ischemia-reperfusion injury [IRI] To determine whether AKI resulted in adverse effects on brain neurons, we first examined hematoxylin and eosin (H&E)-stained brain sections from AKI and control mice. We found that, compared with sham control mice, the numbers of pyknotic neuronal cells were significantly increased in the cornu ammonis 1 (CA1) region of the brain hippocampus in mice with AKI ( Figure 1 ). No evidence of pyknotic neurons was evident in adjacent regions of the hippocampus, including the CA3 dentate granule cell layers. No evidence of neuronal damage was found in the cerebral cortex or striatum.
Mice with Ischemic AKI Had Increased Numbers of Activated Microglial Cells in the Brain
To examine whether mice had inflammatory cell infiltration in the brain after AKI, we stained mouse brain sections for activated microglial cells (brain macrophages) with an antibody A B Figure 3 . Serum CRP (A) and serum G-CSF (B). All mice underwent either 60 min of renal ischemia followed by reperfusion or a sham operation. The blood samples were obtained and measured for serum CRP and G-CSF. Compared with sham-operated mice, mice with AKI showed significantly increased serum CRP at 24 h and increased serum G-CSF at 6, 24, and 48 h after surgery. (A) Serum CRP, sham versus AKI, 5759 Ϯ 782 versus 7243 Ϯ 1331 ng/ml (*P ϭ 0.026, n ϭ 7). (B) Serum G-CSF, sham versus AKI, at 6 h: 218.7 Ϯ 49.5 versus 647.2 Ϯ 217.3 ng/ml (*P ϭ 0.022); at 24 h: 76.33 versus 681.9 ng/ml (*P ϭ 0.016); at 48 h: 47.17 versus 409.05 ng/ml (*P ϭ 0.036 by t-test in A and B at 6 h and by Rank sum test in B at 24 or 48 h, n ϭ 3 to 5). Figure 4 . Cytokine/chemokine protein array in the kidney (A; *P Ͻ 0.03 to 0.002 versus sham) and the brain (B; *P Ͻ 0.003 to 0.0008 versus sham). All mice underwent 60 min of bilateral renal ischemia followed by reperfusion or a sham operation and were followed for 24 h. The kidneys and brains were harvested after exsanguinations and processed for cytokine/chemokine protein array. Data are presented as a fold change of each protein from ischemic mice over that from sham-operated mice. Compared with sham mice, KC and G-CSF were significantly increased in both the kidney and the brain (cortex and hippocampus; n ϭ 3).
A B
against ionized calcium-binding adaptor molecule 1 (Iba1). We found that compared with sham mice, mice with severe ischemic AKI had a significant increase in the number of microglial cells in the hippocampus of the brain (Figure 2 ).
Mice with AKI Had Increased Serum C-Reactive Protein Concentration and Serum G-CSF To determine whether systemic inflammation was induced by severe AKI, we measured serum C-reactive protein (CRP) by ELISA and serum G-CSF by Bioplex cytokine/chemokine protein array. We found that after renal ischemia, serum CRP was significantly increased at 24 h and declined at 48 h. The serum G-CSF was significantly increased at 6, 24, and 48 h after surgery when compared with sham-operated mice (Figure 3 ).
Markers of Inflammation Are Increased in Mouse Brain in Response to AKI
To determine whether AKI results in increased production of cytokines and chemokines in the brain, we used a multiplex protein array to measure proinflammatory mediators in brain and kidney tissue. We found that after AKI, there were increases in levels of kidney IL-1␤, IL-6, keratinocyte-derived chemoattractant (KC), G-CSF, MIP-1␣, Macrophage Inflammatory Protein (MIP)-1␤, and monocyte chemoattractant protein-1 (MCP-1) and a trend toward an increase in TNF-␣. Brains from AKI mice had significant increases in KC and G-CSF and a trend toward an increase in MCP-1 in both the cerebral cortex and hippocampus when compared with sham controls (Figure 4) .
AKI Causes an Increase in the Level of Glial Fibrillary Acidic Protein in the Brain
To determine whether the findings of an increase in brain soluble inflammatory mediators was accompanied by cellular signs of inflammation, we performed immunohistochemical staining for glial fibrillary acidic protein (GFAP), a marker for activated glial cells during brain inflammation. Compared with sham mice, mice with AKI had increased GFAP expression in astrocytes in both the cerebral cortex and the corpus callosum ( Figure 5A ). Densitometric analysis revealed significantly greater amounts of GFAP immunoreactivity in the cerebral cortex and the corpus callosum regions of AKI mice compared with sham mice ( Figure 5B ).
Lack of Brain Neuronal Pyknosis or Expression of GFAP Increased in Mice with Acute Liver Injury
To determine whether the findings of increased brain neuronal pyknosis and expression of GFAP seen in mice with ischemic AKI were kidney specific, we performed an alternative organ ischemia model: Liver ischemia reperfusion injury induced by clamping the portal vasculature (portal vein and hepatic artery) for 45 min followed by reperfusion. Control mice underwent a sham operation. The brains were harvested at 24 h after surgery and processed for neuronal pyknosis and GFAP expression assessment. Whereas there was an increased serum ALT corresponding to the liver IRI, the serum CRP was not significantly increased at 24 h after liver ischemia. No increases in neuronal pyknosis in the hippocampus CA1 region were seen; neither was there increased expression of GFAP in the corpus callosum or the cerebral cortex found in mice with liver injury when compared with control mice ( Figure 6 ).
Mice with AKI Exhibit Increased Brain Vascular Permeability
To determine effects of AKI on brain edema and vascular permeability, we harvested brains at 24 h after AKI or sham surgery and processed them for brain water content by weighing mouse brains before and after 3 d of drying at 60°C. Brain vascular permeability was assessed by quantifying Evans blue dye extravasations. Using ischemic kidneys as positive controls, we confirmed that mice with AKI had significantly in- BASIC RESEARCH www.jasn.org creased kidney water content and increased vascular permeability when compared with sham-operated mice; however, in the brains from AKI mice, only increased vascular permeability was noted when compared with the sham-operated controls, with no significant change in brain water content ( Figure 7 ).
Terminal Deoxynucleotidyl Transferase-Mediated Digoxigenin-Deoxyuridine Nick-End Labeling Staining in the Brain
We performed terminal deoxynucleotidyl transferase-mediated digoxigenin-deoxyuridine nick-end labeling (TUNEL) staining on the brain sections from mice with AKI or shamoperated mice to ascertain whether neuronal pyknosis is associated with apoptotic changes observed in AKI. We found that compared with the positive control, both AKI and sham mouse brain had minimal TUNEL staining. Caspase 3 immunostaining was also performed with minimal signal in the AKI mouse brain (data not shown).
Mice with AKI Had Reduced Locomotor Activity
We performed behavioral studies using an open field test to determine whether AKI-induced brain inflammation was associated with functional abnormalities. Mice were subjected to 45 or 60 min of renal ischemia followed by reperfusion or a bilateral nephrectomy. Control mice underwent a sham operation (with full anesthesia, laparotomy, and pedicle dissection). Twenty-four hours after surgery, mice were placed in the activity chambers ( Figure 8A ) and tested for locomotor activity for 30 min. Mice with 45 min of renal ischemia had a moderate decrease, and mice with 60 min of renal ischemia or bilateral nephrectomy had an extreme decrease in locomotor activity when compared with sham-operated mice ( Figure 8B ).
DISCUSSION
Although neurologic sequelae of AKI are well established, the underlying mechanisms of acute uremic encephalopathy are poorly understood. We therefore examined the short-term effect of AKI on the brain in an established mouse model of severe renal IRI. We found that mice with ischemic AKI developed marked brain changes evidenced by increased soluble inflammatory proteins KC and G-CSF, increased cellular inflammation with increased GFAP expression in astrocytes, and increased microglial cells. Mice with AKI also had striking cellular abnormalities in the hippocampus, increased vascular Figure 6 . Liver function, blood inflammation, and brain changes in mice with ischemic ALI. Mice underwent either 45 min of lobar ischemia followed by reperfusion or a sham operation. The blood was taken at 24 h after surgery and measured for ALT and CRP. The brains were processed for histology and GFAP staining. Mice with liver ischemia had significant increase in serum ALT meanwhile with a comparable serum CRP, brain pyknotic neuronal cell count, and brain GFAP expression when compared with sham operated mice. (*P ϭ 0.016 versus sham; n ϭ 4 to 5). Sham versus ALI, serum CRP: 4116.154 Ϯ 541.709 versus 4625.344 Ϯ 642.728 ng/ml (P ϭ 0.213; n ϭ 5); pyknotic neurons: 30.4 Ϯ 3.3 versus 33.9 Ϯ 4.5 ng/ml (P ϭ 0.157; n ϭ 5 to 9); GFAP-positive pixel analysis: corpus collosum 32619 Ϯ 2715 versus 39379 Ϯ 8890 ng/ml (P ϭ 0.173); cerebral cortex 53833 Ϯ 9071 versus 62383 Ϯ 9802 ng/ml (P ϭ 0.167; n ϭ 5 to 9). permeability in the brain, and behavioral dysfunction with decreased locomotor activity beyond the effects of laparotomy and anesthesia alone.
Most mechanistic work during AKI has focused on intrarenal changes. The increased appreciation that most of the mortality during AKI despite dialysis is from extrarenal organ dysfunction has initiated investigation into the underlying mechanisms. Uremic encephalopathy often occurs with AKI as well as chronic kidney disease, but there have been limited mechanistic studies using new biomedical tools. We initially sought to determine whether an experimental AKI would lead to any measurable short-term changes in the brain. We studied a model of severe AKI to maximize the short-term distant organ effects of AKI. We examined brain histology in mice that underwent 60 min of bilateral renal ischemia followed by 24 h of reperfusion, compared with sham-operated control mice. We found that pyknotic neuronal cells were significantly increased in region CA1 of the hippocampus. The hippocampus plays a major role in learning and memory and is also involved in anxiety and depression. 20 CA1 neurons are selectively vulnerable to degeneration in several pathologic conditions, including global cerebral ischemia 21, 22 and Alzheimer's disease. 23 Previous studies in mouse models of prion disorders 24 and Alzheimer's disease 25 
Previous studies by our team and others have demonstrated that ischemic AKI leads to inflammation in the blood and lung. [15] [16] [17] [18] We therefore hypothesized that AKI would also lead to brain inflammatory changes and found that AKI did indeed result in significant increases in levels of the chemokines KC and G-CSF in the brain at 24 h after ischemia. These proteins were found to increase in the postischemic kidney; however, many other proinflammatory proteins were increased in the postischemic kidney but were not increased in the brain. The increase in brain KC and G-CSF could either represent brain production of these proinflammatory proteins or represent accumulation of these through an altered blood-brain barrier from a systemic circulation or a kidney source. Our previous study identified an early increased serum level of KC after an ischemic AKI. 26 Levels of KC and G-CSF have been shown to increase in the brain in response to injury or infection and are believed to function in the recruitment of neutrophils to the sites of neuronal damage [27] [28] [29] The chemokines G-CSF and KC-CXC have been implicated in the pathogenesis of stroke. 29 -31 Further mechanistic studies are needed to determine whether an intervention targeting on KC-CXC or G-CSF could affect the brain cellular and chemical changes.
After finding an increase in specific soluble inflammatory mediators in the brain after AKI, we also sought to determine whether serum CRP was increased. We found that mice with AKI had increased serum CRP at 24 h. We then examined whether there was an inflammatory cell infiltration in the mouse brain after renal ischemia. We stained mouse brain with Iba1 antibody to identify activated microglial cells and brain macrophages and found that the numbers of microglial cells were significantly increased in the hippocampus at 24 h after AKI when compared with sham-operated mice.
Injury to the central nervous system of higher vertebrates, as a result of trauma, disease, genetic disorders, or chemical insult, results in reactive astrocytes termed astrogliosis. Astrogliosis is characterized by rapid synthesis of GFAP and is demonstrated by increase in protein content or by immunostaining with GFAP antibody. 32, 33 GFAP is the principal intermediate BASIC RESEARCH www.jasn.org filament in mature astrocytes of the central nervous system. As a member of the cytoskeletal protein family, GFAP is thought to be important in modulating astrocyte motility and shape by providing structural stability to astrocytic processes. We therefore stained brain tissue for GFAP and found that at 24 h after renal ischemia, GFAP expression in astrocytes was significantly increased in both cerebral cortex and corpus callosum regions compared with sham-operated mice. Because the corpus collosum contains axons that transfer information between cerebral hemispheres, AKI may alter such information transfer, although this remains to be established.
It is widely known that patients who initiate dialysis after severe AKI or ESRD can develop disequilibrium syndrome, ranging from mild headaches to frank seizures. 34, 35 This is believed to reflect the rapid clearance of serum osmoles, although still maintained in the brain cells, resulting in water influx to the brain cells and resulting brain edema. 36 We examined whether AKI leads to an increase in brain water and found that AKI did not lead to a significant increase in brain water content. Our findings are consistent with other investigators who have reported that the brain water content during AKI was not increased or even decreased. 37, 38 Cerebral edema is known to result from increased permeability of the blood-brain barrier and is often associated with inflammatory conditions. 39 We therefore examined brain microvascular dysfunction as measured by Evans blue dye extravasations and found that AKI leads to an increase in microvascular permeability in the brain, similar to what is seen in kidney during AKI. Acute uremia may induce these soluble factors that are mechanistically responsible for a leaky blood-brain barrier.
Given that acute liver disease also results in encephalopathy, we used an established liver IRI model 40 to determine whether the brain cellular and chemical changes seen in mice with ischemic AKI are organ specific. We used a 45-min liver IRI model because 60 min of liver IRI led to mortality in 60% of mice by 24 h. Unlike what we found in AKI, the serum CRP was not significantly increased at 24 h after liver IRI, despite the rise in serum ALT confirming ALI. When we examined the brains from mice after ischemic liver injury, there was no significant increase in neuronal pyknosis and GFAP expression in the brain at 24 h after liver ischemia. Thus, AKI alters brain in a distinct manner compared with ALI.
Although we found marked biochemical and cellular changes in the brains of AKI mice, it is not known whether AKI can lead to changes in neurologic function in this model. We therefore performed behavior testing with an open field test in mice and sought to determine how different levels of azotemia affected motor activity. An open field test is broadly used to evaluate locomotor activity, exploratory behaviors, and anxiety in mice. We found that 45 min of kidney ischemia followed by 24 h of reperfusion led to a further reduction in activity of mice compared with sham mice. A 60-min ischemia or bilateral nephrectomy led to an even further decrease in locomotor activity in these mice. It is difficult to perform behavior testing in mice soon after surgery; however, the limitations of the severe ischemia model did not allow longer term survival. Future studies with shorter ischemia time will provide the opportunity to evaluate mice further out from the acute surgical procedure. Regarding the mechanism by which motor activity is modulated in uremia, Adachi et al. 41 investigated changes in monoamine metabolism in the brain and motor activity in uremic rat and found that uremia could impair motor activity by suppressing rat central dopamine metabolism. Thus, alterations in monoamine metabolism and specifically dopamine may be the mechanism by which uremia alters motor activity. Although it is not possible to evaluate cognitive function in mice during the acute AKI period because of a general depression in activity, it will be of considerable interest to evaluate learning and memory performance by other tests such as a water or Y-shaped maze test and/or an object cognitive test in animals after they have recovered from the acute phase of AKI.
Taken together, this study demonstrates a broad spectrum of major changes in the brain as well as specific regional pathway abnormalities after AKI. Although the brain effects of AKI or ESRD might be different, these data open up a new line of investigation for more detailed studies to explore these mechanisms, including identifying specific pathophysiologic pathways that directly mediate acute uremic encephalopathy.
CONCISE METHODS
Mice
C57BL/6J male mice used in this study were purchased from the Jackson Laboratory (Bar Harbor, ME). All animal study protocols were reviewed and approved by the Institutional Animal Care and Use Committee of Johns Hopkins University, and all experiments were conducted according to National Institutes of Health guidelines. Mice were held under pathogen-free conditions in Johns Hopkins Medical Institutions animal facility with air conditioning and 14/10 h of light/ dark cycle. All mice had free access to food and water during the experiments.
AKI Model
Established models of renal IRI 42 and bilateral nephrectomy 17 were used. Animals were anesthetized by intraperitoneal injection with sodium pentobarbital at 75 mg/kg. An abdominal incision at midline was made, and both renal pedicles were bluntly dissected. For mice assigned to experimental IRI, a nontraumatic microvascular clamp was placed across each renal pedicle for 60 min. During the procedure, animals were kept well hydrated with warm sterile saline, and body temperatures were maintained constantly at 35.5 to 37°C on a heating pad (40°C) until full recovery from anesthesia. After the allotted ischemia time, the clamps were gently removed and the incision was closed in two layers with 4-0 silver suture, and the mice were allowed to recover with free access to food and water. Sham animals underwent the identical procedure and length of time of surgery without placement of the vascular clamps. The mice assigned to bilateral nephrectomy underwent similar procedures except both renal pedicles were ligated with 5-0 silk suture and then the kidneys were removed. The success of the AKI model was confirmed with an increase in serum creatinine concentration along with renal histologic damage at 24 h after ischemia.
Assessment of Renal Function
Blood samples were obtained from mice via tail vein before (0) and at 24 h after renal or liver ischemia, bilateral nephrectomy, or a sham operation. Serum creatinine concentration was measured as a marker of renal function by a Roche Cobas Fara automated system (Roche, Nutley, NJ) using a Creatinine 557 kit (Sigma Diagnostics, St. Louis, MO).
Ischemic ALI Model
An established model of ischemic ALI was used in this study. 40 Briefly, mice were anesthetized with isoflurane (Abbott Laboratories, North Chicago, IL) inhalation. The abdomen was shaved and prepped, and a small vertical incision was made, slightly to the right of midline through the skin and peritoneum. The porta-hepatis was exposed, and a pediatric vessel loop was drawn around and tightened to induce total hepatic ischemia for 45 min; the vessel loop was removed, and the portal vein, hepatic artery, and liver were observed for restoration of blood flow (reperfusion). The incision was closed, and the mice were allowed to recover and then were killed at 24 h after ischemia. Serum ALT was measured by IDEXX Laboratories according to the instructions.
Histologic Examination of Mouse Brains
Mice were given an overdose of pentobarbital (100 mg/kg) before being killed. After drawing the blood from Inferior Vena Cava, mice were decapitated and exsanguinated, and then the whole brains were harvested and bi-dissected sagittally into two halves. Half of the brain was fixed with formalin and embedded with paraffin for histologic (hematoxylin and eosin) and immunohistochemical staining. The other half of the brain was further dissected into cortex, hippocampus, striatum, and cerebellum; snap-frozen, and stored in Ϫ80°C for cytokine analysis.
Pyknotic Neuronal Cell Count
We examined mouse brain histology under light microscopy (Nikon Eclipse E600) with H&E stained sections. At ϫ100 magnification (oil immersion), neuronal cells with a condensed and darkly stained cell body and nucleus were considered as pyknotic ( Figure 1A, bottom) . Pyknotic cells were counted by a neuroscientist (S.C.) who was blinded to the experimental groups in eight ϫ100 fields in the CA1 region from each section (four sections per mouse) and presented as numbers of pyknotic cells per section (total counts in eight fields per section).
Brain Immunohistochemical Staining
Formalin-fixed and paraffin-embedded sections of brains were deparaffinized, rehydrated with series of alcohols, and blocked with 5 to 10% normal goat serum for 1 h at room temperature. The brain sections were incubated with primary antibodies including a rabbit anti-mouse polyclonal antibody against GFAP at original ready-touse concentration (Dako North America, Carpinteria, CA), a rabbit anti-mouse IBA1 (Wako Chemicals USA, Richmond, VA) at 1:100 concentration, or a rabbit anti-cleaved caspase-3 (Asp175) antibody (Cell Signaling Technology, Danvers, MA) at 1:100 concentration overnight at 4°C. The following day, sections were washed and incubated with secondary antibody, rabbit ABC reagent (Vectastain-Elite; Vector Laboratories, Burlingame, CA) at 1:200 for GFAP and a goat anti-rabbit Alexa 488 (Invitrogen Corp., Carlsbad, CA) for 30 to 45 min. The immune complex was visualized with diaminobenzidine (DAB) and either counterstained with hematoxylin for GFAP and caspase-3 or visualized with immunofluorescence and counterstained with DAPI (Invitrogen) for IBA1. These immunohistochemistrystained brain sections were examined using light microscopy or under immunofluorescence microscopy.
Microglial Cell Counts
Iba1-positively stained microglial cells were counted manually using immunofluorescence microscopy at ϫ20 in the whole hippocampus areas and presented as the numbers of Iba1-positive microglial cells per hippocampus.
Quantification of GFAP Expression
The immune complex was visualized with DAB and counterstained with hematoxylin, and GFAP-positive cells were detected in the presence and absence of distinct staining by using positive pixel-count algorithm that quantifies the amount of a specific stain in a scanner slide image using tissue microarray software (Aperio Technologies, Vista, CA). Briefly, brown color of DAB is specified (range of hues and saturation) and three intensity ranges (weak, positive, and strong). For pixels that satisfy the color specification, the algorithm counts the number and intensity sum in each intensity range, along with three additional quantities: Average intensity, ratio of strong/total number, and average intensity of weak positive pixels. The algorithm has been set for default input parameters when first selected-these inputs have been preconfigured for brown color quantification in the three intensity ranges (220 to 175, 175 to 100, and 100 to 0). Pixels that are stained but do not fall into the positive-color specification are considered negative stained pixels; these pixels are counted as well so that the fraction of positive to total stained pixels is determined. The algorithm is applied to an image by using ImageScope (Aperio Technologies, Inc., Vista, CA). This program allows selection of an image region of analysis, specification of the input parameters, running the algorithm, and viewing/saving the algorithm results. When using the ImageScope program, a pseudocolor markup image is also shown as an algorithm result. The markup image allows the user to confirm that specified inputs are measuring the desired color and intensity ranges.
Once a set of algorithm inputs has been confirmed, the settings can be saved in a macrofile for subsequent repeated use.
TUNEL Staining of Brain
Apoptosis of neuronal cells in the brain was examined by TUNEL staining with a mouse In Situ Apoptosis Detection Kit (R&D Systems, Minneapolis, MN) on formalin-fixed and paraffin-embedded sections according to the manufacturer's instructions. A nuclease-pretreated mouse brain section was included as positive control.
Brain Water Content
Water content in the brain from mice that underwent a renal ischemia or a sham operation was assessed by weighing the whole brains before and after 3 d of drying at 60°C. Using the following formula, the brain water content was calculated: Water content ϭ (wet weight Ϫ dried weight)/wet weight.
Brain Vascular Permeability
Brain protein leakage through microvasculature during AKI was assessed by extravasations of albumin-bound Evans blue dye from the brain parenchyma. 43 Thirty minutes before the mice were killed, 1% of Evans blue dye saline solution (Sigma Chemical Co., St. Louis, MO) was injected via right jugular vein at 2.5 ml/kg body wt while the mice received light ether anesthesia. Immediately after the mice were killed (by an overdose of pentobarbital), the circulation was cleared by transcardiac perfusion with 10 ml of heparinized saline (0.5 ml of heparin in 500 ml of 0.9% NaCl). The flushed brains were removed and got dried at 60°C for 3 d. The dried brains were weighed and homogenized with formamide (1:20, wt/vol), and the homogenates were incubated at 60°C for 18 h (overnight) and then centrifuged for 30 min at 14,000 rpm at 4°C to remove suspended particulate matter. The quantity of extracted Evans blue in the supernatant was determined by measuring absorbance at a dual-wavelength of 620/635 nm and corrected for the extraction volume. A standard curve of Evans blue in blank formamide was used to convert absorbency into micrograms of Evans blue per gram of dried tissue. 43 Serum CRP Measurement by ELISA Blood samples were taken from mice subjected to renal or liver ischemia or from mice that underwent a sham operation at 24 and/or 48 h after surgery, and the serum CRP was measured by a mouse CRP 96-well ELISA kit (Life Diagnostics, West Chester, PA) according to the manufacturer's instructions.
Proinflammatory Mediator Protein Array in the Serum and Brain
For examination of proinflammatory molecules that were generated by ischemia reperfusion injury, protein levels of IL-1␤, IL-6, TNF-␣, IFN-␥, G-CSF, MIP-1␣, MIP-1␤, MCP-1, and KC were measured in mouse kidneys and brains and KC/G-CSF in the serum using a BioPlex multiple cytokines array technique (Bio-Rad Laboratories, Hercules, CA), previously described in depth, 26 according to the manufacturer's instructions. Briefly, snap-frozen kidney tissue was homogenized in a cell lysis buffer, and the homogenates were centrifuged at 12,000 rpm for 15 min at 4°C. Total protein concentration in each supernatant was determined using a Bio-Rad Protein Assay Kit, and the measured protein level in each sample was adjusted to a concentration of 500 g/ml with cell lysis buffer. Each sample first was incubated with a mixture of all types of microbeads for 90 min at room temperature followed by incubation with biotinylated detection antibodies for 30 min, then with a streptavidin-coupled phycoerythrin for 10 min (room temperature). Finally, the samples were subjected to a flow cytometric system. All acquired data were analyzed using Bio-Plex Manager 3.0 software (Bio-Rad) and corrected for total protein concentration (pg/mg protein).
Open Field Test
Twenty-four hours after renal ischemia, bilateral nephrectomy, or sham surgery, mice were placed in a special chamber (San Diego Instruments, San Diego, CA; Figure 8A ) to evaluate their novelty-induced locomotor activity for a 30-min period with an open field test. A typical arena consists of a Plexiglas cage lined with infrared photo beams. A second frame with infrared photo beams is placed above the first one to measure rearing (i.e., vertical activity). Movements including horizontal and vertical activities and the activity in the center area of the chamber or along the walls (thigmotaxis) of the chamber are automatically recorded when a mouse breaks new photo beams. The size of the test arena was 15" ϫ 15" ϫ 12". Tests were run at 9 to 11 a.m. and 4 to 6 p.m. for all mice in a pseudorandom manner during the light phase of the dark-light cycle (the lights in the room were off between 8 p.m. and 8 a.m.).
Statistical Analysis
Results from parametric data are expressed as means Ϯ SD and are compared either by an unpaired, two-tailed t test for single comparison between two groups or by repeated measures ANOVA with group and time as independent variables for the locomotor activity analysis. Post hoc tests were run where appropriate to determine significant differences between groups. For data that failed to pass a normality test or an equal variance test, a Mann-Whitney rank sum test was performed as a nonparametric test instead of a t test to verify the difference between two groups is greater than would be expected by chance and is truly statistically significant. Statistical significance of a difference was defined when a P Ͻ 0.05.
